Recebido em 18/7/11; aceito em 24/10/11; publicado na web em 4/1/12
INTRODUCTION
A wide range of chemical substances and pathogens can be introduced into the water bodies, mainly by anthropogenic activities. The continuous ingestion of contaminated water can cause serious health problems for the exposed population. Therefore, quality control of drinking water is an important health surveillance issue for guaranteeing safe water for consumers.
Water monitoring has become one of the most important stakeholder strategies to protect consumers' health and many countries have defined priority pollutants and their maximum tolerable levels. In Brazil, drinking water quality is regulated by Ministry of Health Regulation no. 518/2004. 1 The regulation defines the compounds to be analyzed, the maximum permissible levels, and sampling frequency, besides other relevant issues.
One group of priority pollutants in water consists of the chlorophenols (CPs) due to their high solubility in water, persistency, and toxicological properties. Some CPs are carcinogens and their presence in water can also generate organoleptic effects. CPs can be introduced into the environment from various sources such as wood preservatives, pesticides, and degradation of other compounds. 2 Moreover, drinking water disinfection with active chlorine can also form some chlorophenols when phenolic compounds are already present in raw water. 3 Importantly, most water treatment plants in Brazil are not equipped with activated carbon and/or membrane filters, and therefore elimination of possible chemical residues is less efficient. 4 Many analytical methods for the determination of CPs have been reported, mainly using gas chromatography (GC) in combination with mass spectrometry detection (MS) [5] [6] [7] or with electron capture detection. [8] [9] [10] CP analysis by GC requires derivatization, because injection of free chlorophenols results in broad and tailed peaks, hindering the chromatographic resolution.
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The objective of this study was to validate a method to be implemented in the national laboratory network in order to support government surveillance in water quality control related to chlorophenols. The method should be effective in complying with the maximum limits for 2,4,6-trichlorophenol and pentachlorophenol set by Regulation no. 518/2004, which are 200 and 9 ng mL -1 , respectively. 1 Additionally, all other trichlorophenol isomers and all tetrachlorophenol isomers were included since they can be part of fungicide formulations and result in higher incidence of cancer when present in drinking water. 12 To achieve this goal, two methods for CP analysis were validated for tap water based on classic liquid-liquid extraction with previous in situ acetylation. The methods' effectiveness was subsequently proven by analyses of tap water collected in the Municipality of Rio de Janeiro (RJ), Brazil.
EXPERIMENTAL

Materials and methods
Acetic anhydride was supplied by Vetec (Xerem/Brazil) and distilled twice before use. Potassium carbonate and iso-octane pesticide grade were purchased from Merck (Darmstadt/Germany), and dichloromethane and n-hexane, both pesticide grade, from Tedia (Fairfield/ USA). Methanol HPLC grade was purchased from EM Science (Gibbstown/USA). High-purity water was obtained by a Milli-Q water purification system (Millipore, Bedford/USA). 
Preparation of standards
Individual stock solutions were prepared in methanol at a concentration of 4 mg mL -1 . Working solutions were prepared in methanol by mixture and appropriate dilution of aliquots from individual stock solutions. The acetylation procedure of the standards for calibration purposes was based on the method described in the literature 13 and performed in triplicate for each concentration level. The analytes and the internal standard (IS) dissolved in methanol were added to a mixture of 2 mL of a 5% K 2 CO 3 solution and 2 mL of n-hexane containing 200 mL acetic anhydride. Hexane is the top layer and can be easily removed with a micropipette from a test tube. The mixture was shaken for 1 min and the organic phase separated. The aqueous phase was then extracted again with 1 mL of n-hexane. Both hexane phases were combined, dried with anhydrous sodium sulfate, and injected into the chromatographic system. The calibration curves were constructed plotting the peak area ratio (analyte/IS) against the respective concentration.
Gas chromatography -mass spectrometry analysis
Instrumental analysis was conducted on an Agilent Technologies 6890N Series gas chromatograph coupled to an Agilent Technologies 5973N mass selective detector. The chromatograph was equipped with a split/splitless injector operating in splitless mode at 250 °C. Injection volume was 2 μL. Chromatographic separation was performed on a DB-5ms fused-silica capillary column (60 m length, 0.25 mm i.d., 0.25 mm film thickness; J&W Scientific, Folsom/USA). Helium (99.999% purity) was employed as carrier gas and adjusted to a constant flow rate of 1mL min -1 . The GC oven was programmed at an initial temperature of 60 °C held for 1 min followed by heating to 140 °C at 30 °C min Since all analyte groups separated well, each ion pair was monitored in a single time window. A compound was considered identified when ion ratio was in the range of ± 15% of the theoretical ion ratio and absolute retention time was in the range of ± 10 s of the absolute retention time determined during calibration with standard compounds.
Sample treatment
Two methods were validated using sample volumes of 200 mL (method A) and 10 mL (method B), considering one as sensitive and the other as a quick method. Derivatization and extraction of the method A were performed in a separatory funnel. After adjusting to a pH of 11 with anhydrous potassium carbonate, the sample was spiked with internal standard. Then acetic anhydride (5 mL L -1 ) was added and the funnel shaken vigorously until the evolution of carbon dioxide ceased. The chlorophenol derivates were extracted twice with 15 mL of dichloromethane. The combined organic phases were spiked with 1 mL of iso-octane as keeper, concentrated to 1 mL in a rotatory evaporator (28 °C, 500 mmHg and 100 rpm) and dried over anhydrous sodium sulfate. Dichloromethane was chosen as extraction solvent for this method because of better handling (bottom layer) and better recoveries for trichlorophenols (evaporation step) in comparison with n-hexane.
The method B was performed in test tubes adding 0.4 mL of acetic anhydride and internal standard to the sample after adjusting it to a pH of 11. Extraction was performed twice with 1.5 mL of n-hexane. The combined n-hexane extracts were dried over anhydrous sodium sulfate and then analyzed.
Tap water analysis
In October and November 2006, tap water samples were collected mainly at public buildings such as schools and hospitals, but also at private households in the municipality of Rio de Janeiro. Of the 25 selected locations, three locations were sampled twice, resulting in 28 samples. In the municipality of Rio de Janeiro, water is supplied from two different sources, namely water treatment plants with surface water as input and local wells, also referred to as alternative solutions. In both cases, disinfection is achieved through chlorination. The samples originated from Guandu water treatment plant were collected at the urban districts of Flamengo, Copacabana, Santa Teresa, Manguinhos, Recreio dos Bandeirantes, Barra da Tijuca, Jacarepaguá and Usina (15 samples). The samples originated from Ciganos water treatment plant were collected at the urban district of Freguesia (1 sample). All other samples originated from water treatment plants, namely Afonso Viseu (3 samples), Dois Murinhos (2 samples), Taylor (1 sample) and Gávea Pequena (1 sample), were collected at the urban district of Alto da Boa Vista. The five samples originated from the alternative solutions were collected also at the urban district of Alto da Boa Vista. The high sample number for Guandu was due to the fact that this treatment plant supplies drinking water to approximately 96% of the population in Rio de Janeiro.
Samples were collected in 1000 mL amber bottles with previously added sodium thiosulfate to avoid oxidation of the analytes.
14 Samples were stored in a refrigerator at about 4 °C and analyzed within 7 days post-sampling.
Method validation
Single laboratory validation was performed by determination of the following performance parameters for the two methods: selectivity, linearity, precision, trueness, limit of detection (LOD), and limit of quantification (LOQ). Selectivity was evaluated by chromatogram comparison of matrix blanks and standard solutions. Linearity was tested in triplicate on six calibration levels for each analyte, also evaluating the calibration residues and significance of the linear regression. Precision (repeatability) and trueness (recovery) were determined through analysis of spiked tap water. Four replicates at four concentration levels were analyzed for method A and three replicates at six concentration levels for method B. A matrix blank spiked with the standard mixture was used to calculate limit of detection (LOD) and limit of quantification (LOQ), considering signal-to-noise ratios of 3 and 10, respectively.
RESULTS AND DISCUSSION
Validation
The calibration range was 1 to 50 ng mL -1 , which corresponds to a working range of 0.005-0.25 ng mL -1 for method A and 0.3-15 ng mL -1 for method B. Ordinary least squares regression was applied for the elaboration of the calibration curve. The resulting linear coefficients were always greater than 0.99. After outlier treatment by Grubbs test at 95% confidence level, the residual errors were analyzed visually by construction of residue graphs. 15, 16 The residual errors were randomly distributed, indicating that the linear model is adequate. The Cochrantest at 95% confidence level showed calculated C-values less than the critical C-value (0.616) for all assessed chlorophenols, confirming the constant variability of calibration residues over the entire concentration range. Linear regression significance was assessed by analysis of variance (ANOVA) at 95% confidence level. The significant F-values were less than the critical F-value for all evaluated compounds, thus attesting the linear regression significance. Figure 1 shows the method's selectivity. The chromatogram shows that all chlorophenols were well separated, and possible interferences caused by the matrix were absent.
The recovery values for both methods met the range established by the European Commission. 17 During the first tests, method A showed lower recoveries, principally for the trichlorophenols, but after the introduction of iso-octane as keeper before the evaporation step the recoveries remained in the range of 79 to 94%. Recovery for method B varied from 95 to 99%. Figure 2 shows the recovery values for individual chlorophenols.
As the criterion for precision evaluation, the accepted maximum coefficients of variation (CV %) depends on the studied concentration range, and values up to 20% are normally approved for trace analysis methods. 18 The CV obtained from repeatability studies showed good precision for both methods (Figure 3) . The CVs for the methods A and B were below 15 and 3.5%, respectively.
The Brazilian potability standard for drinking water determines the maximum permissible levels for 2,4,6-TCP and PCP, namely 200 and 9 ng mL -1 , respectively. 1 Both methods showed LOQs for these two chlorophenols well below the established limits ( Table 1) .
The recoveries and the LOD/LOQ of the two methods were compared with the solid-phase extraction (SPE) reported in the literature. 13 Instrumental analysis was done by gas chromatography with plasma atomic detection. Water extraction volume was 2 L and extraction solvent consumption was the same as for the validated method B. The recoveries (83-93.7%) were similar in comparison to the validated method A, but slightly lower compared to the validated method B. The LOQs (0.05 to 0.08 ng mL -1 ) were about ten times higher and 5 times lower than those of the methods A and B, respectively. Another study using solvent microextraction of a 1 mL sample with 2-3 μL of butyl acetate reported only relative recoveries of about 70% comparing peak areas of HPLC-grade water and river water extracts. 5 The LOD for phenol, mono-, di-, tri-e tetrachlorophenols varied from 0.005 to 0.022 ng mL 
Tap water analysis
The validated method A was applied in duplicate for analysis of tap water. Besides 246-TriCP, all investigated chlorophenols were below the limit of detection. The concentration ranges of 246-TriCP for the different water supply systems are listed in Table 2 .
Of the 28 analyzed samples, 11 (39%) showed 246-TriCP concentrations above the limit of quantification. The highest concentration was found in the Afonso Viseu system. Only three samples collected from the Guandu system and one sample from the alternative solutions showed levels above LOQ. In Brazil, drinking water is pumped into a closed container located on the roof of the buildings before entering the household or establishment. The variations of results in samples taken from the same system at the same day can be explained by the degradation of 246-TriCP caused by the presence of still active chlorine and/or evaporation through sun irradiation depending on time of permanence in the container before use.
Three locations were sampled twice within seven days in order to verify potential differences in concentrations, since variation in the amount of organic matter in raw water can influence the formation of 246-TriCP caused by chlorination In one case there was no difference (both values were < LOQ), and in the other two cases similar values were found, which were 0.030/0.013 ng mL -1 and < LOQ/0.016 ng mL -1 . The absence of rainfall during the sampling period can explain these results, since precipitation can increase the organic matter in raw water. 19, 20 However, according to the Brazilian potability standard, all the tested samples were adequate for consumption regarding 246-TriCP and PCP concentrations. Generally, the results for 246-TriCP in drinking water can also be considered low compared to results published in the scientific literature. Maximum 246-TriCP concentrations of 1.10 ng mL -1 was found in a study conducted in the USA and of 0.719 ng mL -1 in a investigation realized in 40 potable water treatment plants in Canada. 19, 21 In a current study realized in Poland, the highest 246-TriCP level was 0.89 ng mL -1 . 20 The highest 246-TriCP concentration (0.009 ng mL -1 ) determined in survey realized in Zagreb City/Republic of Croatia was similar to the concentrations found in the present work. 22 No published data were available on CPs in drinking water in Brazil as a whole. In Brazil, the Central Public Health Laboratories (LACEN) are responsible for the analytical monitoring of drinking water. According to the last LACEN situation report published by the National Health Surveillance Agency, none of these laboratories had tested for chlorophenols in drinking water until the year 2004.
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CONCLUSION
All parameters associated with performance of the two methods were in accordance with those recommended or established by international institutions. The validated methods are suitable for routine quality control of drinking water, due to its quick execution and low solvent and reagent consumption, especially method B.
The analysis of real tap water samples showed that the resulting chlorophenol levels posed no health risk for the population of the municipality of Rio de Janeiro at the time of sampling. However, in order to permanently protect the population, it is highly recommended to endorse routine analysis, since CP levels could increase during periods of heavy rainfall, which are common in Brazil. 
